BACKGROUND: Tissue factor (TF) canonically functions as the initiator of the coagulation cascade. TF levels are increased in inflamed airways and seem to be important for tumor growth and metastasis. We hypothesized that airway epithelia release TF as part of a wound repair program.
Tissue factor (TF) is a 47-kDa transmembrane glycoprotein that structurally resembles class II cytokine receptors and canonically functions as an initiator of the coagulation cascade. 1 Vascular endothelium, fibroblasts, smooth muscle cells, and epithelial cells constitutively express TF. 2 When exposed to Factor VII (FVII), which is present in circulating blood, TF activates FVII (FVIIa) through binding to FVIIa and forming a complex that triggers the Factor X pathway of coagulation. [3] [4] [5] This action leads to self-amplified activation of FVII, thrombin production, and eventually clot formation and tissue growth. Lipopolysaccharide (LPS) can also induce expression of TF in monocytes and vascular endothelium via mitogen-activated protein kinase/ extracellular signal-regulated kinases (MEK/ERK), activator protein 1, and nuclear factor-kB, which also leads to thrombin/fibrin clot formation in blood. 4 An endogenous inhibitor of TF called tissue factor pathway inhibitor (TFPI) balances TF activity in vivo by interfering with TF/FVIIa complexes as well as Factor X. 6, 7 TF has also been identified in serum and other biofluids. Serum TF levels increase during disseminated intravascular coagulation, 8 hemorrhage, 5 and disorders that increase capillary permeability such as sepsis and systemic inflammatory disorders. 9, 10 TF has been measured in BAL fluid from subjects with inflammatory airway diseases, including asthma, pneumonia, and ARDS. 9, [11] [12] [13] [14] These findings were initially attributed to vascular leakage into the airway lumen; however, Park et al 15 reported that cultured normal human bronchial epithelium (NHBE) produced and released TF in cell culture in response to cyclic stress.
We hypothesized that an inflammatory stimulus (ie, LPS) would induce airway epithelial release of TF and that this release may influence cell growth and repair.
Materials and Methods
Details on experimental and statistical methods used can be found in e-Appendix 1.
Evaluating TF Release From NHBE in Response to Inflammation
Growing, submerged NHBE cells were exposed to 10 mg/mL Escherichia coli LPS added to 500 mL cell media for either 3 or 24 h.
TF messenger RNA was measured according to polymerase chain reaction in those exposed to LPS for 3 h. TF protein was measured by enzyme-linked immunosorbent assay (ELISA) in the media of those exposed to LPS for 24 h. Similar experiments were conducted by using fully differentiated airway epithelia grown at an air-liquid interface (ALI), described in e-Appendix 1.
MEK/ERK Signaling Pathway Evaluation
Cells were exposed to a MEK/ERK-selective inhibitor (PD98059, 20 mM) in the presence of LPS 10 mg/mL or vehicle. TF protein in cell media was measured according to ELISA after 24 h of exposure. To assess the effect of the MEK/ERK inhibitor, phosphorylation of MEK/ERK was evaluated by using Western blot analysis.
Evaluating the Effects of Inflammation on TGF-b in NHBE
TGF-b is associated with tissue remodeling in airway disease. [16] [17] [18] To evaluate the effects of LPS on TGF-b and investigate a potential relationship between TF and wound healing, cells were exposed to LPS 10 mg/mL for 24 h as described earlier.
TGF-b protein was evaluated in cell media and lysate according to ELISA.
Evaluating TF Release From NHBE in Response to TGF-b Exposure
We investigated the effect of TGF-b on TF release. NHBE was exposed to 1 ng/mL of TGF-b for 24 h, and TF protein in cell media was then quantified according to ELISA.
TGF-b Signaling Pathway Evaluation
TGF-b activates the TGF-b receptor complex initiating "small" worm phenotype and mothers against Decapentaplegic (SMAD) and SMADindependent signaling pathways. 18 Cells were exposed to a SMADselective inhibitor (SB431542, 20 mM) in the presence of LPS 10 mg/ mL or vehicle as described earlier. TF protein in cell media was measured according to ELISA after 24 h of exposure.
Effects of TFPI on Airway Epithelial Cell Growth
NHBE cells were grown in submerged culture in the presence of 0, 250, 500, and 1,000 pg/mL of TFPI. Confluence was evaluated by using light microscopy before each media change. Confluence percentage was calculated by using ImageJ software (US National Institutes of Health) to count cells' light microscopy images (https://imagej.nih. gov/ij). Lactate dehydrogenase levels in each group were measured to assess the cytotoxic effects of TFPI.
Effects of TF and TFPI on Airway Epithelial Wound Repair NHBE cells were differentiated at ALI to ciliated columnar epithelium. A scratch was produced across the midline of the transwell by using a sterile pipette tip. Cultures were exposed to 0, 250, 500, or 1,000 pg/mL of TF or TFPI. Scratch size was evaluated by using light microscopy every 4 h until the TF exposure group scratch was healed; ciliary beat was verified every 4 h to confirm cell viability. Confluence percentage was verified by using ImageJ software and compared between groups.
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Results

TF Protein Release From NHBE Increases Following LPS Exposure But Only in Undifferentiated Epithelial Cells and Is Mediated by MEK/ERK Signaling
Submerged NHBE cells exposed to LPS exhibited a nearly twofold increase (P < .001) in released TF protein compared with the control groups ( Fig 1A) . TF messenger RNA levels were not affected by exposure to LPS (Fig 1B) . However, no increase in TF was observed in fully differentiated NHBE grown at ALI when exposed to LPS (e- Fig 1) . PD98059 exposure resulted in a dose-dependent decrease in LPS-induced TF protein release from NHBE (Fig 2A) . PD98059 blocks MEK/ ERK phosphorylation ( Fig 2B) .
LPS Exposure Increases TGF-b in NHBE Cells
NHBE cells exposed to LPS exhibited a 10-fold increase in activated TGF-b protein in cell lysate compared with control (P < .05) (Fig 3) . There was no change in TGF-b protein in cell media.
TF Protein Is Released From NHBE Following
Exposure to TGF-b and Is Mediated by SMAD Signaling NHBE cells exposed to TGF-b exhibited a dosedependent increase in released TF protein compared with the control groups (P < .05) (Fig 4A) . TF messenger RNA levels were not affected by TGF-b exposure. NHBE treated with SB431542 did not release TF when exposed to LPS (Fig 4B) . Normalized TF Protein Level Figure 1 -Normal human bronchial epithelium releases tissue factor (TF) protein when exposed to LPS. A, Normal human bronchial epithelium exposed to 10 mg/mL of LPS for 24 h released > 50% more TF protein than those exposed to vehicle (P < .001). Three different cell lines were used to verify this observation, and data were normalized to reflect change vs control instead of reporting protein concentrations due to significant variation in relative concentrations between the cell lines. B, TF messenger RNA did not increase after exposure to 10 mg/mL of LPS for 3 h. Results normalized to reflect change vs control instead of reporting protein concentrations due to significant variation in relative concentrations between the cell lines. Results are reported as means with error bars indicating SEs. LPS ¼ lipopolysaccharide. A, NHBE exposed to 10 mg/mL of LPS for 24 h release more TF than control (P < .05); NHBE exposed to 10 mg/mL of LPS for 24 h in the presence of 10 mM PD98059, a mitogen-activated protein kinase/ extracellular signal-regulated kinase inhibitor, do not release more TF than control. B, PD98059 inhibits MAPK phosphorylation at baseline and after LPS exposure. See Figure 1 legend for expansion of other abbreviations.
NHBE Exposed to TFPI Do Not Reach Confluence in Culture
NHBE exposed to TFPI grew significantly slower than the control group, reaching < 50% confluence by the time the control group was fully confluent (P < .05) (Fig 5A) . This outcome was dose dependent. Levels of lactate dehydrogenase did not differ between any of the groups (P > .05) (Fig 5B) , indicating that the lower number of cells was not caused by cytotoxicity.
TF Decreases Healing Time in Differentiated NHBE
NHBE cells, uniformly scratched across the midline, regrew differently when exposed to TF or TFPI compared with the control group (P < .05) (Fig 6) . After 55 h, those cells exposed to 500 pg/mL of TF had grown to a mean of 90% confluence within the scratch. In contrast, those cells exposed to 1 ng/mL of TFPI had grown to a mean of 32% confluence within the scratch after 55 h. The control group had grown to a mean 71% of confluence at the same time point. Ciliary beat was observed by using light microscopy immediately following scratch and every 4 h until the TF-treated group became confluent, suggesting that the scratch procedure did not alter the ciliary function of the cells in culture. Ciliary beat was also verified in the cells that filled the scratch in the TF-treated group.
Discussion
The canonical function of TF as initiator of the coagulation and subsequent clot formation is integral to wound healing. 1, 4, 19 TF also increases cell proliferation and the rate of tumor metastasis. 19 The increased levels of TF found in the inflamed airway, including during asthma, plastic bronchitis, bronchopulmonary dysplasia, and ARDS, [10] [11] [12] [13] [14] 20, 21 suggests that TF might have local airway roles as well. The airway source of TF, its mechanism for production and release, and the function of TF within airways are largely unknown.
In vitro dysregulation of TF via selective inhibitors or knock-down models leads to systemic hemorrhage, and fatal pulmonary hemorrhage occurs in TF knockout mice shortly following birth. 22 TF levels are increased at sites of active wound healing along the leading edge of healing cutaneous tissue. 19 Inhibition of TF by administration of TFPI, its endogenous inhibitor, is associated with delayed wound closure and increased clotting time. 19, 22 This outcome is consistent with our findings that TF decreased healing time of differentiated NHBE, and TFPI prevented NHBE from healing or reaching confluence (Figs 5, 6 ).
LPS is a well-described initiator of inflammatory responses. 23 LPS binds to Toll-like receptor 4 and chestjournal.org activates intracellular signaling pathways, including MEK/ERK. 23, 24 We have previously reported that 10 mg/ mL of LPS will activate MEK/ERK in NHBE without causing cell death. 24 LPS exposure resulted in similar TF release from NHBE as that reported after cyclic stress, 15 suggesting that NHBE Toll-like receptor 4 activation by LPS leads to TF release mediated by MEK/ERK signaling (Fig 2) . Although we validated that inhibition of MEK/ ERK signaling by PD98059 reduced LPS-induced TF release in a dose-dependent manner, MAPK phosphorylation was similar in the control group and LPS group. This finding indicates that MAPK itself is not responsible for increased TF release from NHBE.
TGF-b regulates many of the processes surrounding wound healing and is increased in many cell types following exposure to LPS. [16] [17] [18] Local increases of TGF-b in the airways are associated with airway remodeling in severe asthma, which is believed to involve a dysregulated and excessive wound healing process.
17,18
The LPS-induced TGF-b increase along with the TF release are consistent with a local repair function of TF within the airways. We observed no increase in TGF-b release into culture media, which could be consistent with SMAD-dependent TF release. This outcome may be due to the rapid binding of TGF-b to TGF-b receptors upon its release or deactivation of TGF-b following release. Of note, the ELISA used for our experiments only detects activated TGF-b.
Other groups have reported that subjects with severe asthma had higher levels of TF in their sputum than subjects with moderate asthma or control subjects, even while undergoing treatment. 11 A significant increase in released TF protein from NHBE following exposure to cyclic stress pressure levels similar to those reported in the asthma airway has also been reported. 15 When placed in the context of our finding that TF increases cell proliferation and airway repair, this outcome suggests that the robust cell proliferation response may contribute to airway remodeling and that TF might play an important role in remodeling.
The submerged cell culture conditions we used prevent cells from fully differentiating to pseudostratified ciliated columnar epithelia. We initially exposed differentiated cells grown in an ALI to LPS and observed no increase in TF (e -Fig 1) . Submerged, undifferentiated cells are actively growing and dividing, similar to wound healing, which is probably why there was no detectable release of TF from differentiated NHBE when exposed to LPS. Figure 6 -TF decreases healing time in differentiated NHBE. NHBE differentiated as pseudostratified ciliated columnar epithelium in airliquid interface conditions were scratched along the midline. Those exposed to 1 ng/mL of TFPI regrew more slowly than the control group (P < .05); those exposed to 250 or 500 pg/mL of TF regrew more rapidly than the control group (P < .05). Images of each exposure group are below their respective column in the bar graph. Results are reported as means with error bars indicating SEs. See Figure 1 , 2, and 5 legends for expansion of other abbreviations.
% of Confluence
The present study has several limitations. Most notably, we did not investigate the effects of extracellular TF on unaltered airway epithelium. The effects of TF and TFPI on NHBE cell cycle regulation and potential overgrowth, as we have previously reported following exposure to TGF-b, were also not evaluated. 24 However, our results are not significantly affected by these limitations.
Conclusions
Our data from different cell lines using stepwise inhibition and stimulation showed that NHBE released TF and up-regulated TGF-b in response to LPS exposure. This release is regulated by MEK/ERK and SMAD signaling pathways and may function as a local repair mechanism. This potential mechanism is supported by the novel finding that TF decreased NHBE healing time and TFPI prevented NHBE cell growth and wound healing. On the basis of these findings, inhibitors of TF and the pathways leading to its release during inflammation could be therapeutic targets for severe asthma and airway remodeling.
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